Abstract In this work, surface activation of automotive polymers using atmospheric pressure plasmas was investigated. The aim was to increase the polar fraction of the surface energy of both plane and convex polymer devices with a radius in the range of 30 mm. For this purpose, a fittable low temperature atmospheric pressure plasma source based on capacitively coupled multi-pin electrodes was set up and applied. Each single electrode generates a treatment spot of approximately 2 cm 2 with a tunable power density of up to 1.4 W/cm 2 . The surface energy was evaluated by contact angle measurements. After treatment at a low energy density of 1.01 J/cm 2 , the polar fraction of the surface energy of the investigated polymers was increased by a factor of 3.3 to 132, depending on the polymer materials. It was shown that by applying the presented fittable plasma source, this effect is independent of the surface radius of the polymer sample.
Introduction
Industrial development continuously requires new technologies and innovations for ecological and economical production. Against this background, polymers are useful building materials. They have advantages of high formability, low density at high resistance, flexibility, and cost-efficiency. Furthermore, it is easy to form complex polymer elements by utilizing molding processes [1, 2] . The properties of polymers are primarily influenced either via a chemical composite or by inserting fibers. In order to achieve a better surface finish and improve technical properties such as aerodynamics or corrosion prevention [3, 4] , the surface can be lacquered. For a maximum bonding between the polymer surface and the varnish, the adhesion of the surface needs to be optimized [5] . However, technically relevant polymers such as polypropylene do not normally feature high adhesion or surface energy with few functional groups [6] . To achieve the necessary binding for the applied varnish, polymer surfaces can be pretreated with primers [7] . Such primers have to match both the varnish and the ground material, which leads to limited options for application. Other disadvantages are high expenditure of time and costs, as well as a possible environmental pollution due to the use of the required chemicals [8] . An alternative solution is the pre-treatment of polymers with plasmas [9−14] . Here, the increase in adhesion is mainly caused by the generation of functional groups, which results in a higher polar fraction of the total surface energy. Less influential is the adsorption due to a modified surface morphology [15] . In processing wood surfaces, a higher absorption of varnish and water is also achieved by plasma pre-treatment. Thus, the machining process is shortened while the long term stability is increased [16, 17] . The improvement in penetration depth and brilliance of ink on textiles is another application field of plasma pre-treatment procedures [18] .
The plasma activation of automotive polymers is mainly performed nowadays by low pressure plasmas or arc discharge jets. The improvement of gap penetration capabilities of varnish and high varnish cohesiveness on complex prefabricated parts are the main fields of application [19] . For smart-repair purposes, this technique is not economically worthwhile. So the surface activation has been done by applying liquid primers, which requires, however, a lot of expert knowledge. Further-more, liquid primers take quite some time to dry, and the surface properties differ between painted and unpainted areas. For an unpainted area the primer increases adhesion, whereas in the case of already painted areas, the treatment can lead to a decline of adhesion, which can result in varnish spalling. By treating the polymer surface with an atmospheric pressure plasma, the polarity of surface energy should increase homogenously. Other advantages are low costs in substituting the classical priming process, minimum thermal influences as well as the possibility of inline processes.
In this paper an atmospheric pressure plasma source for the smart repair of automotive polymers is presented and evaluated. In previous work it was shown that a direct dielectric barrier discharge treatment allows a significant increase in adhesion between varnish and polymers. The plasma pre-treated surface showed an even higher bonding than those that were pre-treated with conventional primers [20] .
2 Experimental setup and experimentation
Plasma source and treatment
In order to achieve a large-scale homogenous activation of 3D-shaped polymer surfaces, a concave fittable atmospheric pressure plasma source was developed. This plasma source consists of 16 carrier segments. Each segment has a longitudinal extension l of 18 mm and is connected to the neighboring segments by a flexible hinge. By this foldable frame the plasma source can be adapted to convex curved work piece geometries with a minimum radius r min of 15 mm. The overall dimensions of the active area are (270 × 16) mm 2 . As shown in Fig. 1 (a) and 1(b), the segments carry two parallelly shifted and equispaced lined up aluminum bases which are connected to a high voltage (HV) supply.
Each base features a cylindrical hole with a diameter D of 9 mm. Here, a copper electrode with a diameter d of 2.5 mm is embedded and dielectrically separated from the aluminum base by a mount made of polysiloxane. This installation results in a capacitor where the electrode is capacitively coupled to the high voltage. Its capacity C amounts to 2.6 ± 0.25 pF, as determined with the aid of a multimeter LC-Meter HM8018 from Hameg Instruments. The capacitor limits the maximum charge of the electrodes during a period of voltage application. Thus the applied high voltage is reduced by just a small amount by each electrode. The remaining voltage is still higher than the ignition voltage for the remaining electrodes, allowing the ignition of discharge over the whole electrode array. The two pin electrode lines were arranged with a parallel displacement x of 8 mm. As the grounded (GND) counter electrode, a plane plate and a cylindrical segment, respectively, both made of aluminum, were used.
Each HV-electrode delivers a direct discharge onto the sample surface, resulting in 16 plasma treatment sub-areas. The plasma source was driven at a frequency f of 17 kHz with a pulse duration ∆t of 2 µs. Different voltages and different discharge gaps d gap between both the electrodes and the sample surface can be applied. The resulting plasma powers for different settings shown in Fig. 2 were determined by using the Lissajousmethod [21, 22] . The higher plasma power in the case of lower discharge gaps is due to the decrease of the ignition voltage between both the HV-and GND-electrodes. During the experiments, the plasma source was run at a discharge gap of 11 mm in ambient air at atmospheric pressure. In this configuration the starting voltage U s was 15.5 kV and the maximum working voltage U m amounted to 24 kV. As operating voltage U o in experiments, 17 kV were applied, resulting in an average plasma power P av of 3.25 W. Without the dielectric separation by the capacitor of each electrode, this operating voltage would lead to an electrical breakdown. However, in the present case, the discharge is dielectric separated by the mount made of polysiloxane. This leads to a dielectrically barrier discharge with typical filaments between the sample and the electrode [23, 24] , which were observed during experiments.
Investigated polymers
The effect of such plasma treatment was investigated for four different polymers: the copolymer acrylonitrile butadiene styrene (ABS), the poyolefin polypropylene (PP) and two thermoplastic polymers, polyethylene low-density (PE-LD) as well as polycarbonate (PC). The samples had different thicknesses b: 1 mm for ABS, 0.5 mm for PE-LD and 2 mm for both PC and PP. s were evaluated by using the Owens-Wendt-Rabel-Kaelble (OWKR) method [25, 26] . For this purpose, the contact angles were directly measured at the position of plasma treatment using a measuring system G10 from Krüss. As test liquids, distilled water (H 2 O) and diiodmethan (CH 2 I 2 ) were used at regular room conditions. Due to the contamination of the sample surface with test liquid residues after each measurement, it was not possible to measure the same spot twice. Thus, all results originate from averaging several samples.
Results and discussion

Treatment area and energy density
For the calculation of energy density and for evaluating the best distance between the electrodes, the treatment area of each electrode is of great interest. Against this background, a PE-LD sample was treated using plasma for 10 s. Subsequently, the polar fraction γ p s of the surface energy was measured. Further, the same plasma treatment was performed on thermal paper in order to visualize the footprint of each HVelectrode. As shown in Fig. 3 , the maximum increase in γ p s is found right below the electrodes. Within the gap between two treatment zones, γ p s declines to the value of the untreated reference of 2.1 J/m 2 . Thus, no plasma effect is observed in this area. The full width at half maximum (FWHM) of the treated area is approx. ±8 mm with respect to the position of the electrode.
As discussed in section 2.2, all measurements originate from averaging several samples. So the relatively high error margin within the FWHM zone indicates an inhomogeneous treatment from sample to sample. Fig. 3 only shows the treatment result by one of the two applied electrode lines. The second line will treat the valley of the first when the source moves over the sample. By defining the FWHM as the boundary of the plasma affected zone, the treatment area A amounts to 2.01 cm 2 per electrode. Based on this value, with the applied average plasma power P av and the particular treatment time t taken into account, the energy density Φ which was supplied during the experiments can thus be calculated from
where n is the number of involved pin electrodes.
Treatment of polymers
In Fig. 4 the plasma-induced change in γ p s is shown for a plane PE-LD sample. After plasma treatment at 0.303 J/cm 2 , an increase by a factor of 7 was achieved. Thus, the surface wettability is already sufficient for post processing applications such as lacquering after a plasma treatment duration of merely 3 s.
Plasma treatment at the same settings was also performed on curved PE-LD. For this purpose, the 0.5 mm-thick sample was bent round a cylindrical grounded electrode made of aluminum with a radius r of 30 mm. In addition, the multi-pin plasma source was fitted to this radius of curvature. After plasma treatment, the sample was unrolled before surface energy measurements in order to eliminate possible disturbing influences of the surface geometry on the resultant contact angle. As expected, no significant differences in the polar fraction of the surface energy were measured between the planar and curved samples, as shown in Fig. 5 .
This comparison shows the applicability of the presented plasma source for plasma surface activation of 3D-shaped automotive polymers. This increase can be explained by several interacting surface effects. First, the rise in effective contact area by plasma-induced surface wrinkling [27] , second, plasma-induced surface cleaning, e.g. a removal of oleaginous surface contaminations [20] , third, the rotation of existing polar groups within the near-surface polymer layer towards the surface [28] and fourth, the main important effect, the formation of polar groups such as carboxy (-CO 2 H) or hydroxyl (C-OH) groups by plasma-induced breaking of C-C surface components and subsequent recombination processes with oxygen atoms [29] . Such intensification in the polar component of the surface energy due to surface oxidation was observed in previous work. Here, a considerable increase in both the O1s signal and the O/C ratio was detected by X-ray photoelectron spectroscopy (XPS) after a similar atmospheric pressure plasma treatment using air as the process gas [30] . However, one has to consider that this modification is limited by the maximum number of available docking points for oxidation. This limitation is also confirmed by the saturation effect of the absolute increase in polar fraction of the surface energy as shown in Fig. 4 , which amounts to the same dimension (i.e. approx. 19.8 ± 2.2 J/cm 2 , compared with Fig. 6 ) for all investigated polymers. As a consequence of the above-mentioned effects, plasma activation using the presented plasma source is an effective way for conditioning the wettability and adhesion properties of plane and convex automotive polymer surfaces.
Conclusions
The presented fittable multi-pin plasma source has high potential for the smart repair of building elements made of different automotive polymers. It was shown that due to the foldable setup, both plane and curved polymer surfaces can be activated with comparable efficiencies. Depending on the particular polymer, a significant increase in the polar fraction of the surface energy was achieved within seconds. This allows a simple refinishing of paint work without lacquering the whole part to achieve a uniform lacquering result. Thus, the presented plasma pre-treatment is a cost-efficient and reliable alternative to conventional methods, and partially allows the substitution of priming processes. Moreover, it stands out due to its economic efficiency in matters of time, required materials and chemical additives, which is of particular interest for small and medium sized enterprises. In order to improve the homogeneity of large-scale plasma treatment, the electrode spacing could be reduced. Further, the number of electrodes could be increased. Such upscaling is easily made possible by the applied capacitive coupling of each single electrode. In a certain range, large-scale plasma activation of freeform surfaces could additionally be realized by the choice of appropriate frame carrier elements.
